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SUMMARY

An app3Xhdt9 8ub80?Lk h?~ w03 (ktk?hped fOt’h? 801&
blockageinterference in cix& wind -Jwnnelswith wal+?sslotted
in th-cdirection of jfow. Thi8 the~ i71diC(liedthe p08&@
of obtaining zero blockage iniwference. Tats in a circular
slotted tunnel bawd on th t?kory conjirmed the theoretical
predictions.

The slotted wind tunm?lwas operable cd &uper80nic8peea%
merelv hJincrea-shq the power input, and weouw, the wper-
sonic Mach numbw produced could be varied by oarying the
power. The phenomenon of chakiql, characteristic of cio8ed
tunnel-s,dld not occur in the 8htted tunnel.

Comparison of prtmure mea-surem.enihon a practical size
nonlijti~ modelin theslottedtunnidwithm.emmrem.tmi%obtaind
on the same model in a much larger G?08edtunnel, in which tlu
interfere% e~ea% were negligibb, showed good agreement at
8ubsoni.cMach numbers not greatly exzeedi~ the critid and
jair agreementOOermost of tti moo?dsurface at Mach numbers
up to 1s.

T?Mtramonic operaiion of thti type of ted 8ection requwtx
considerabb ftiher exptinwntaiion and analyti.

lliTRODUCI’ION

Model testing in wind tunnels at high subsonic Mach
numbers presents special diiliculties that increase in severity
as Mach number 1.0 is approached. To obviate tunnel
choking and severe interference effects due to constriction of
solid walls in closed wind tunnels, the model size must be
continuously decreased as the Mach number approaches
unity from either direction so that at Mach numbers near
unity, vanishingly small models are required. This require-
ment prevents, in closed wind tunnels, a study of model
characteristic continuously through the sonic region. It
was recognized that open-throat tunnels, because of their
constant pressure boundary, could not permit the existence
of the strong axial pressure gradients characteristic of choked
closed-throat tunnels. In fact, the very first efforts to con-
struct high-speed wind tunnels were made by use of open-
throat tunnels. Large power requirements and flow un-
steadiness of open-throat tunnels at high Mach numbem,
howwer, interposed serious disadvantages, and thus closed-
throat tunnels were employed. & the need for adequate
research facilities for the range of Mach number near and
through 1.0 grew, new efforh were instituted to solve the
problem of wind-tunnel testing limitations for the Mach

t SRP?IWWSNAOARhf1.810$18!8,

number 1.0 region. Fundamental considerations of the
problem of wi.nd-tunnel-dl corrections and choking limita-
tions led to the idea of a “porous wall.”

Theoretical consideration of the problem with subsonic
flow indicated the possibility of reducing the interference due
to boundaries by means of slots in the solid boundary
extending in the direction of flow. On the basis of approxi-
mate theoretical results, such a slotted wind tunnel was
designed. Tests of a model in this slotted wind tunnel
indicated that the primary object of mhimking the inter-
ference effects due to constriction had been attained. At
the same time, the tests showed that the alotted teat section
could be operated continuously through the transonic range
to low supersonic Mach numbem without change in tunnel
configuration. No theory has yet been developed for upper
transonic and supersonic operation. The subsonic theory
was first developed in useful form in September 1946. This
report presents the signi.iicantresearch results obtained to
date.

SUBSONIC THEORY

The first investigation undertaken in this project was a
theoretical study of the solid blockage in a wind tunnel with
cylindrical boundmy containing open slots parallel to the
flow. It was thought possible, since the interference veloci-
ties due to the boundaries are of opposite signs with free and
solid boundaries, that the oppositi effects might be so com-
bined in a slotted tunnel as to produce zero solid blockage.
The theoretical development follows.

Consider a doublet placed on the axis of a circular slotted
wind tunnel (fig. 1). On the assumption of incompressible
potential flow; me potential due to t~

‘m x
‘f’’qi-

doublet is -

(1)

where
m doublet strength
z coordinate in axial direction
r radial coordinate
The tottil disturbance potential within the tunnel is assumed
to be given by the sum of the doublet potential # and a dis-
turbance potential #* determined from the following bound-
ary conditions:
At the slots

[@+d*lr.E=o (2)
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FIGUREI.—Circular slotted wind-tunnel ccmflguration.

At the solid boundaries

r“:’’)]..=” (3)

where 1? is the tunnel radius. The perturbation potential
+*, like +, must satisfy Ilaplace’s equation. Thus, in
cylindrical coordinate

where Ois the angular coordinate as indioated in iigure 2.
Let n slots be spaoed qmrnetrically in the boundary. It is
then possible and convenient to treat the flow in only one
of the n identicnl sectors produced by drawing radii to the
centers of then open segments of the boundary. (See fig. 2.)
With the transformation

ti=ne (5)

u covers a range of 2T in each sector. Moreover, if the
origin for u is taken at the radius drawn to the center of the
closed segment, the range O to —r is seen to be exactly
symmetrical to the range O to z, so that only the positive
valuea of u in the range O to x need be considered. With
the transformation (5), equation (4) becomes

(6)

From symme~, as maybe seen from @e 2, the boundary
conditions

apply. The use of the finite Fourier cosine transformation
with respect to co is therefore suggested. (See ref. 1.)
Application of the tite cosine transform to equation (6) and
to the boundary conditions (2) and (3), w-ii%consideration
of equation (7), yields

(8)

[Pclr-n=[–+lr-i?
[

SiIl(&T)-SiIl (8fJI)
s IS+ ,“’[4*lr.R ~s b) ~

(9)

—.

I?murm 2.—Cross section showing slots and angle rokt{ons.
w=ti. For cwe shown, n=4.

(lo)

where q. is the finite cosine transformation of 4* with respect
to a and is given by

JW(r,%S)=~rd”COS(8fJ) da (11)

and8=0,1,2j 3,.... Equation (9) is obtained under tho
consideration that

[dJ*l~-B=[-41,-R+ [@*l,-R
u~<w<r o<r.o<q

-whereal is the value of u at the edge of the slot. A similor
consideration applk to equation (10). The assumption is
now made that equation (8) am be solved by the method
of separation of variables. Thus, let

w(r,~,s) =-W) P(7,8) (12)

Use of equation (12) in equation (8) gives

x%++,+P+PX.= o (13)

where the subscripts r and z indicate derivatives with respect
to those variables. Divisiin of equation (13) by XP gives

(14)

Since the sum of the first three terms of this equation is
“independentof z and the last term is independent of T oncl 8

~==some Quanti~ Independent of x, r, and s

= _Tz (15)



NACA TRANSONIC WIND—TUT?NEL TEST SECTIONS 625

whcro Y is to be considered a parameter that may be varied
at will. The solution with respect to the variable ~ is the
same as that obtained in reference 2. Equation (15) is
solved by terms of the type

X7=AT SiIl yx (16)

where A7 is a eonstrmtfor any given value of-Y and solutions
may be added to obtain a function of z satisfying the bound-
ary conditions. For the variable r, use of equation (15) in
equation

or

(14) and multiplication by ~ gives

P.+;–~;+&) P=o (17)

fi’p~,rl w +WP7,– (7W+*P=0 (18)

A solution~of equation (18) is

P=l?=,I&r) (19)

where -&, is a constant for any given value of m, and In, is
tho modified Bessel function of the first kind. (See ref. 3,
clmpter III.) The corresponding function of the second
kind fails to appear because of the necessity that the solution
be regular within the tunnel. Now write

,=k~
-i

(/%=1, 2,3, . . . ) (20)

where 1is the z-length over which X is to be deii.ned. Then
equation (16) becomes

Xh=A~ Sill~ (21)

and equation (12) becomes

(22)

(23)

(24)

z~B-, COS(j&!) ~ ~-&L’(~) ‘h(~)
‘Rj-l

(25)

where the primes indicate derivatives with respect to the
arguments of the Bessel functions. From equation (22)

[w.]r.z=~l AtBxsIxs
(%9s+9 ‘“)

.[1
ape
-& ,.~=~,~A@.I.I

(%’n(%) ’27’

[1
a~

Suppose also that [4],.E and ~ are expanded in
T=E

k~z
Fourier series with sin7 so that

()[dr=R=5JQ’qSk y (28)

[#]r-R=~Q,sh(y) (ZQ

where (?~land t?%are the constants. The boundary condition (9) now becomes, by use of equations (24), (26), and (2S):

‘F.U1~’i~J’~~(w)ti(Y)=-[ti(s~):s*(8”Jl 2Q@@9+

+aA’Bo’o(v)ti(Y) rcO’(s@)a+ :2A’gh(~)2B”’”(~)J”’cOs~o) cOs(’”)&

and the boundary condition (10) becomes, by use of equations (25), (27), and (29):

~1 ~ A, B., I“,’
(v)sti(%’)=-rh~’)la~ ti(%)+ -

&#AkBo I:
(%)sh(Y)J:ms(s”) a+:2~A’ti(~) zB”’’”’(~)J:cO’(’”) cOs(’”)d@

kme
()

~quating coefficients of sin –1– and performing the indicated integrations gives

~B,J`.~(w)=-Qrk( s")~sh(8"Jl+'o( ~)`n$')+:A'aB`'' "(-)[" : “ : 1
y Y2:--; “’+=2y+; “’

(30)



In equations (23), (30), and (31) A,, G,, Q%,ad tie BCSS~
functions depend upon k, which takes on only integral
values. In reference 2, however, the length 1was extended
to infinity and the Fourier series was replaced by a Fourier
integral. With the integral form, the coacienti A~, Qtl,
and Q% are replaced by continuous functions of k/1 or,
otherwise of

(32)

If, also,

~=P 1 (33)

b
—=

and, if the functions A.(g) are combined with the coofficiants
llm or llti, equation (23) is replaced with

J
~ ,“ c,(~ Ii(gp) sin (gg)dg+~*=L

~ 2COS (L@JmCa(gj.L(qP) a (W) @
T *-1 o

(34)

and equations (30) and (31) with

and

AC~ ns(dLW= –(?2(!4p&q&B CO(!7I-m!)pm(’”y-’q+

~B~ G(L3G
SiIl (j-8) FSiIl (j-8)w_ti (j+8)cq

‘(d [ 2(j-8) 2(j+8) 1

Since Q, and Q, are now the functions which when multiplied
by sin (gt) make up the integrands in the Fourier integral

r]
=prwion of [d]~Iz and ~~ -B, respectively, consideration

of equation (1) gives

(36)

btegration by parts and consideration of reference 4 shows
that

QI(O=&, !zKo@ (39)

Q4j=2~ !l’KI(d “ (40)

where K. and K1 are modified Bwael functions of the second
kind. If the equations (35) and (36) are solved for o&)
and if the righkhand sides are then equated to each other
and the relations (39) and (40) are used, the following equa-
tion for detemiriug the functions Cm(~ results:

I.;@ SiU 0j-8)r-Shl (j-8) W_Sh2:(jUI

Im’hjj [ 2(j–8) 1}

_ 7n~ ~,(fj SiU (87f)-SiIl (84

{[27#lP I.@ 8
,,#J/gpyq} (41)

.
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J?or convenience, take

[-1

qco(g)P.,(O=Pnj=~
2irRz ~=o

[-1

qcx,(g).—
m

4~Rz ,XO

and let the argument q of the Bessel functions be understood.
Then, since 10’=.II, equation (41) can be written, after some
rearrangement and after multiplication with the product
IjJm’

(42) I

I

Equations (43) provide at each value of g an inlinite system
of simultaneous linear algebraic equations for the determina-
tion of the values of the functions Pmj(~ at that point. With
use of equation (42) the interference potential (34) can be
written

from which the interference veloci~ in the direction of the
tunnel axis is

m“ sm

‘*=2#R3 Z. Cos(i?@) P.,(g) I.,((lP) COS(@ dq (46)
o

It seems likely that, if the first few functions Pm could be
obtained, the interference velocities not only in the axkd
direction but also in the radial and angular directions (ob-
tained by differentiating equation (44) with respect to radial
and axial distances) could be satisfactorily expresed. Un-
fortunately, every function P= depends upon every other
one according to equations (43) and even POmay therefore
be very dif%cultto obtain with a sticient degree of approxi-
mation. Some information may be obtained, however, &m
the form of the solution. On the axis of the tunnel (P= O),
which is in the region of greatest interest because the model
is located at the center, the interference velocity is deter-
mined by the function POslone; for all the Bessel functions
1.,(0) are zero except for l.(0), which i9 equal to unity.
Moreover, as the argument is decreased, the value of the
Bessel function I., decreases ever more strongly as the order
is increased; therefore, if a value of U1can be chosen such
that the interference veloci~ at the tunnel axis is zero, the
interference slightly off the axis will be less aa the number
of slots n becomes greater. In any case, tie variation of
interference velocity with angular position near the tunnel
axis will be decreaaedby increasing the number of slots, since
the interference corresponding to POis invariant with respect
to w The angular variation of the axial and radial velocities
will be symmetrical about u=O. The anguhw interference
velocities will be antisymmetrical about co= O. Since the

only function of x appearing in equation (45) is the even
function cos (q:), the variations of the axial velocities will
be symmetr@d about z=O (the position of the doublet).
The radial and angular variations, however, will be anti-
symmetrical about x=O.

The infinite integral appearing in equations (44) and (45)
causes no trouble and can be graphically obtained, since it
appeara to converge in the region of q= 8. For the closed
tunnel (Ul=r) and for the open tunnel (%=0), for both of
which Pm is zero except for POand for which P. degenerates
to lmown functions of g including Bessel functions, this con-
vergence has been proved through the use of asymptotic
expansions of the Bwsel functions.

The system of equations (43) baa been set up in matrix
form for 10 of the equations and 10 of the unknown functions
Pmj(g). (See table I.) For each row the value of s is con-
stant; for each column the value of j is constant. The argu-
ment of the Bessel functions is g in every case. The deter-
minant of the left side of equations (43) is contained in the
space below and to the left of the double lines in table I.
This determinant is symmetrical about a diagonal; squares
containing identical quantities are indicated with identical
numbem. In each square the function of Bessel functions
is to be multiplied by the function of trigonometric functions
appearing in that same square. The functions P.j applying
to their respective columns are given in the row above and to
the left of the double lines. The K at the top of the column
to the right of the double lines indicatea that the column
contains the constanta given by the right-hand side of
equations (43).

The system of equations (43) has not been shown to be
convergent. The Fourier series in cos (m) is required not
only to exprees a function @*and its first and second deriva-
tives but also to satisfy two simultaneous equations expressi-
ng two difFerent kinds of boundary conditions. The
boundary conditions are discontinuous at the edges of the
slots (u=uJ, and, by analogy with thin airfoil theory, the
velocities at the edges are expected to be infinite. Such
boundary conditions cannot be exactly satisfied by a Fourier
series and it would not be surprising, therefore, if the system
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TABLE I

SCHEDULE FOR COMPUTATION OF THE CONSTANTS P.f wITH TEN EQUATIONS

PO,l, p.l P281. fil Phl P*l Pm IP7. IP’.
pti ~

——

2wrr Sdnm
Slnh _ _ — .*&l dnkl Sin&q heel @n ?&l dneul Slnfbl

2 3 4 5 6 7 8 9 (r-dgVIKo

(0 (2) (a (4) (0 (6) (7) (8) (9) (lo)

Id, IcI.’+IL

+w?%h-i

Idia’+IJt. IJti’+zlL rdl.’+I1Ik IA’+IA Idti’+I& Id?.’+IIIl. IA’+IA IA’+IA

r,rdnq S3nw, dnh Sln!&a,ldnAl dn%, dnb Slnbl, dnb dnbl dn7w sIn&l sin% sin7w sin% Uln&l .91nIow
‘2’2 2 , 6 4’8 6 10 8 r2 -~~ y+ 7* *T

dn w

(2) [11) m (18) @4) m (m (17) (m (19] -#(1.’ICO-I.Kt)

Id.’ I&’+I.’If. IA.’+I.’L IA.’+I.’I4. ImIk’+1.’Iti IJ,.’+I.’L IJ.’+I.’I;. IJa.’-I-ItiIti IJm’+In’Ia.

., &&l Slnm, .?lnh dn%, dnlkl fdn%l, dn?w Sfn&l,sin&fl Shlbwl,sin%l sin6Ml,81nlowl sin 7.ni Sln Hw
‘2’4 2 10 4 , 12 6 14 8 16 10 18 12 20 ~~ sh W(

m m m
2

w (Q m (24) (m (m (m
-@(I,.’I{pIy.hi)

IL’ IrgIam’+Iti’It, It.x4.’+Ib’I4. Idti’+IiB’11. Ida.’+I1.’Ica &h’+&’17. Idl.’+Iti’Iti Idu.’+Ia.tIn.

.,sfn&l dnw, dn?wl dn!kl, sfn%l Sinai, dn& S3nk,sinwl dnbnl, dnllwl tdn &l+sIn 124
‘2’6 2 14 4 16 6 , 18 8’!233 10 , 22 -n-r draw

(4) (la @l) Ga (29) (20) (@ ‘
7

@) (a w

I&L’ IamIk’+.?i.’I4. 13&’-l-I3D’IJ. Idh’-!-lk’xa.
-@(Is.’Ko-Id@

IIm17.’+Iti’I1. Idi.’+Iam’I1. Ids.’+Is.’Is.

S,dnti slnml, dnwl S3n!h,dnmdl drib’, dnhl Ulllbl, sfnlbl *h dnlbi
‘2’8 2 16 4 , m 6 , B— 8 m *0-- ski %

(b) (14) (=)
4

(a m (w m w) (m (40)

148T4.’ IA.’+L’L 14JJ9’+14S’11. 14nh’+htz7.

-gWt.’KpI8.KJ
Idti’+14.’ZIB Idtm’+zl.’r$.

— -
S,sinmtl dnml S5nlbl ainti Slnla$l Sin&l dnlsw sln4w Shl%

m 2’ 10 ~~ y- ~+~ ~+~ 81nM

(6) (1’5) c=)
b

(w (w (41) (42) (~ (4) (46)

lid.’ rl.11.’+Ib’rc. LJ7.’+IJ.’I7. Z$JI.’+IJ.’X.
–q*(Ia.’Ko-14. Iit)

Ihzts’+rlm’l*.

r,slnla sixlml,dllkl sill% SiIllb shbi slnlbi
‘!4’12 2 23 ~~ y+w— “h&

(7) (10) (24) (w m (42) (46) (473
T

(Q) (49)
-@(I,.’Ko-I#.K9

Talk’ Idl.’+I~.’I7. IA.’+I8.’Is. Idn.’+Ia.’Ig.

.,dlllbl Llillul,skllbl sh%l, .dlllb.i
- 2’ 14 2 a 4’22 ah 7W

(a (Ii) cm
7

(=) cm (42) (47) (m) (61) (62)
-@(IdKt-11.hi)

17911.’ z7dm’+11.’ztm Id*.’+I1.tI*.

-,dllltil Khml Sfnl?q
M 2’ 16 ~+~ dn.%

(9) (18)
8

(26) (=) (=J) (44) (48) (51) (63) (64)
-ql(IhtK~-I’mK,)

Id.’ zd9”’+Io.’I*”

r,ainl%i
w 2’ 18 Sln 9UI

(lo) (19) (m -
9

w (40) (45) (49) (52) (64) (M)
–q*(Z9m’h-o-IomKJ

xhrlm’

(43) were divergent. It is reasonable to suppose, howewr,
that the hterference near the center is largely determined by
rwerage conditions at the boundary- rather than by the de-
tailed boundary conditions, and these average conditions
could be exprwed by means of a Fourier seri&. In any
case, the potential only a short distance from the boundary
could certainly be expressed in Fourier series. The problem
at hand, therefore, is the determination to a suihcient degree
of approximation of the fit few functions I’o, Pl, Pz,
Pa, . . . .

As Qfirstattempt to obtain numerical solutions, four of the
simultaneous equations (43) with the fit four functions
P, . . . P3 were solved at various values of q for n=10 (10
slots) and values of ul of 0.5m,0.67r,0.75m,and 0.875m. The
axird interference velocities at the position of the doublet
(P=$=O) according to equation (45) are shown by the
circled points in figure 3, where they maybe compared with

the corresponding values for tie open and closed tunnels. It
was reilized that the number of equations used in the solu-
tion was entirely inadequate for obtaining accurate values
of the interference, but sine.athe interference at the center
must depend largely on the mean boundary conditions, it
was thought that some indication of the slot effect could be
obtained. The nonuniformi~ of convergence of the Fourier
series is such, however, that with the smaller slot widths,
since in these cases the edge of the slot dominates the whole
slot region, even the mean boundary conditions would not
be adequately expressed, and an attempt to calcuIate the
interference with al= 0.95r ended in failure because the inte-
grand in the infinite integral of equation (45) became posi-
tively and negatively infinite at a point within the range of
integration. The course of the calculated values (fig. 3)
and the behatior of the calculations were such, howevw,
that it was surmised that the interference at the position of
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FmUREI 3.—Axial-interference-velocity function in slotted tunnels.
L1-:=o.

the doublet should become zero for a value of WI near 0.875r.
On the basis of these meager results, an experimental in-
vestigation was planned.

The 10 by 10 system of table I (with some allowable modi-
fication in order to keep the numbers involved within the
range of the computing machine) was next solved on the
Bell Telephone Laboratories X-66744 relay computer for
n=2 and values of U1of 0.257r,0.757, and 0.49r, the last value
being chosen instead of 0.57 beeause the Bell machine was not
set to carry the zero coefficients that would appear in many of
the squares for ul=0.5m. The values obtained for the
intwference velocity at the position of the doublet are shown
by the diamonds in figure 3. The value n=2 w-as chosen
because it was believed that with n=2 the value of ml,for
zero interference, would be of a lower value, for which the
problem of convergence would be less severe, and it was
desired to investigate the satisfaction of the boundary condi-
tions in this region under the most favorable computing con-
ditions. Also, a comparison was desired between the inter-
ference for the two-slot circular tunnel and the interference
for the rectangukw tunnel with two free sides which was
discussed in reference 5. The fact that the interferenee-
velocity value for the rectangular tunnel with two open sides
(shown by the upright triangle in fig. 3) falls above the
values calculated for the two-slot circular tunnel does not in-
dicato that these values are incorrect, because the more
strongly effective central part of the closed surface lies closer
to the doublet position in the rectangular tunnel t&m in the
circular tunneJ, and the interference-veloci~ value might
therefore be expected to lie nearer to the closed-tunnel value.

The interference at the doublet position with n= 10
and u,=0.876u has recently been calculated on the Bdl
Telephone Laboratories X-66744 relay computer with 14
equations of the system (43). The results shown in figure 3

verify the assumption previously made that for this configura-
tion the interference would be approximately zero.

With regard to compressibility effects, the method de-
scribed in the appendix of reference 6 is applicable. By this
m@hod, the whole system is stretched in the flow direction

.

by‘e‘tiO&w jwhere M is the free-stream Mach num-

ber. In this process, the tunnel boundary remainsunohanged
since in the theory it already extends uniformly to infinity.
Because of the stretching of the body, however, the strength
of the doublet used to represent it must be increased approx-

imately in the ratio _. Since, according to reference 6,
41:W

the velocities induced in the compressible flow are increased
1— in the stream direction and

h ‘he ‘tio 1–w J&@ ‘Or-
mal to the stream direction over the incompressible induced

velocities for the stretched system and since the tunnel-wall

interference vdkscities are proportional to the doublet

strength, the effect of compressibility is to increase the askl

interference velocitie9 in the ratio
(l_&3/2

rmd the inter-

ference velocities normal to the axis in the ratio&. It—
therefore follows that if the interference is zero for the in-
compressible flow it is ako zero for compressible flow. This
reasoning is valid, moreover, even though the critical speed
of the body be exceeded, because the presenca of supersonic
regions about the model could be taken into account merely
by increasing the doublet strength still further; the nature
of the tunnel-wall constriction effect remains unchanged.
Any distortion present, that is, increase in interference
velocities away from the doublet position, would demagnified
by comprwsibility and might becume too large to be tolemtad
as Mach number unity is approached. It therefore appenrs
that, x is true with conventional wind tunnels, the size of
the model must be decreased as the Mach number is in-
creased. At any given Mach number, however, it should
be possible to test much larger models in a slotted tunnel-of
a given size than could be tested in a closed tunnel of the
same size.

Once the supemonic region has reached the tunnel wall,
the theory herein presented is no longer valid. A considera-
tion of the nature of wind-tunnel choking indicates, however,
that ohoking need not occur, beeause the exces mass flow
can bypass the model by flowing out through the slots into
the tank ahead of the model and can enter again through the
slots behind the model.

As maybe seen from figure 3, for slot widths greater than
that just sufficient to secure zero interference at the center
the operation of the slotted tunnel is relatively insensitive
to slot width. This characteristic provides some possibility
of compromise with regard to varying the slot width in order
to reduce the lift interference, which has not yet been inves-
tigated, and with regard to possible supersonic operation.
Otherwise, it seems desirable to keep the slot width as small
as practicable in order to minimize the power requirement.
In this regard, it may be inferred from figure 3 that the
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greater the number of slots the smaller is the ratio of open
periphery to closed peripheq required to attain the zero-
interference condition. The power required for a alotted
tunnel should be much less than that needed for an open
tunnel.

EXPERIMENTAL mitigation

SYMBOLS

The following symbols are used in presenting the results
of the experimental investigation:

velocity of sound in air
wing span
wing chord
diameter of tunnel at throat
effective diameter of octagonal tunnel
total pressure
body lengti
free-stream Mach number (V/a)
free-stream Mach number at midpoint of test

section
free-stream Mach number at position of body

nose
free-stream Mach number at position of body

tail
absolute static pressure
critical pre9sureratio (M= 1.0)
test section radius of circular tunnel
effective radius of octagonal twt section
distance from midpoint of test section along

tunnel longitudinal axis
fkee-stremnvelocity
distance along body axis horn nose
distance along wing chord hwm leading edge
distance along wing span from plane of sym-

metxy

TESTS WITH U-INeXf-D14illErBRBODY

Apparatus and methods .—l?relimiwy tests in this inves-
tigation were conducted in a 12-inch-diruneter circular test
section slotted in the direction of flow. This test section
was designed on the basis of the preceding theory to produce
zero blockage interference at the position of the model.
Ten evenly spaced longitudinal slots comprised one-eighth
of the total circular periphery. The slot width remained
constant along its length and extended downstream to a
station in the difEuser where the area was 20 percent greater
than that at the throat area. At this station the eflnser
bell became tangent to the diffuser. A closed tank 24 inches
in diameter surrounded the test section. A longitutial
schematic diagram of the slotted test section and a scrded
cross-sectional vie-iv of the circular slotted test section are
included in figure 4. Some of the important slotted test-
section parameter are included in table n_.

The test model was a 3.5-inch-diameter prolate spheroid
of fieness ratio 6 (table ~. The ratio of body diameter
to tunnel diameter is 0.292. The selection of a body of
such large size was made in order to magg the wall-
interference effect to permit an accurate treatment of the

TABLE II

TRANSONHXLOTTED-TEST-SECTION PARAMETERS
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vail-interference efFects. Static-pressure orifices were in-
stalled in the body along top and bottom meridians and at
several angular stations about the center of the body.

The local shtic pressures over the body were recorclod
simultaneously with the free-stream Mach number in rdl
tunnel configurations.

In order to obtain for comparison au experimental “free-
air” or essentially interference-free condition for the model,
tests were also performed on the same model in the Langley
8-foot high-speed tunnel. For further comparison, teEts
were made in 12-inch-diameter open and closed test sections,
and the results were corrected by means of a potentird-flow

‘method. The data from the 8-fooLdiameter closed tunuel
were essentially free of interference as recorded.

Results and discussion.-surveys of the pressure distribu-
tions at the center and at the wall of the slotted test section
indicated a satisfactorily uniform test region at all subsonio
Mach numbers. (See @g. 5.) Supersonic Mach numbers were
obtained merely by increasing the pressure drop across the

TABLE III

PROLATE-SPHEROID ORDINATES
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(a) Schematio diagram of transonic slotted tunneL
(b) Crossseotion of lXnch~ameter oircular tranaonic slotted tunnel.

(o) Cross section of 12-inch-effeotive-dbmeti ootagonal transonio slotted tunnel.

FIcmm 4. —Transonic40t&l-tumelooniiguratiorw-

413072-G741
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I?rc+rnm5. —Axial pressure distributiorm along -walland center line of circular olosed and slotted tunnels for several Maoh numbem. (’l?laggod sym
bola are for distribution at oenter line.)

teatsection. With a supersonic Mach number of 1.097, the “1
Mach number variatiom- appeared to be +0.02 over a length
of one throat diameter. Center-line pressureswere obtained
by means of a %-inch-diameter axial static-pr~ure survey
tube that extended upstream to the tund entrance bell.
The axial pressure distribution at an indicated stream
Mach number of 0.960 in the U-inch-diameter closed
tunnel is included in this @we for comparison. Small
axial pressure gradients existed in the 12-inch-diameter
open and closed tunnels and at the highest subsonic Mach
numbers in the 8-foo&diameter closed tunnel. The Mach
number calibrations for W tunnels were based on pressures
at orifices located in the closed entrance seetion upstream
of the throat.

With the 3.6-inch-diameter body in the 12-inch-diameter
closed test section, the Mach number was limited to 0.72 by
choking at the model, whereas in the open test section
choking at the effuser belI limited the maximum test Mach
number to 0.89. In the eIotted test section choking again

occurred at the effuaer bell, but since the mixing region w
now- limited only to the slots and the low-energy air at th
boundary was therefore less than that produced in th
open tunnel, a maximum Mach number of 0.97 could b
obtained. In the S-foot closed test section a maximum tu
Mach number of 0.94 was obtained rather than the vrdu
0.96 indicated by theoretical one-dimensional choking c
the model. The 8-foot tunnel is therefore believed to J.mv
choked at the support sh-ut behind the model.

The measured local pressure ratios at the midpoint of tl
3.5-inch-diameter prolate spheroid in the 12-inch-diamet[
and 8-foo&diwneter tunnel configurations corrected for tl
small pressure gradients that existed in the closed-thro[
tunnels are presentid as a function of Mach number
figure 6. Even with this large model in the l>inchdiamot~
slotted tunnel, the pressure ratios show reasonably goc
agreement over ahnost the entire test Mach number rmq
with values obtained in the 8-foot-diameter closed tunm
This behavior is in sharp contrast with that in the 12-inc
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l?xwnE f3.-Compmieon of local premure as a funotion of hlaoh number at midpoint of 3.5-inchdiameter prolate spheroid in ciwdar open, closed,
and slotted tunnels.

diameter closed tunnel, for which the blockage intmfemnce
is very Imge. A large high subsonic Mach number range
is covered in the 12-inch-diameter slotted tunnel which
cannot be reached in the 12-inchdiameter closed tunnel
because of choking at the model.

I?igum 7 presents the messured local pressure ratios @H
in the slotted tunnel compared with the pressure ratios
obtained from the corrected data from the 8-foot-dismeter
closed tunnel and from the 12-inchdiameter open and
closed tunnels. The curve horn the slotted test section fills
between the two zero-interference curves and extends to
high subsonic Mach numbers for which adequate correction
for the interference cannot be made.

The pressure distributions over the 3.5-inch-diameter
prolate spheroid are compared at several Mach numbers
with the two zero interference curves in figure 8. The
pressure distribution obtained from the linearized potential
theory is fdSO shown. A rotation of the pressure diagram
in the slotted test section is evident in the sense of increasing
pressures toward the nose of the body. The preasur-
mtio scale has been doubled relative to that in previous
figures in order to define more clearly this distortion. It is
bdieved that this distortion of the pressure distribution is
due to the inordinately large model used in these preliminary
experiments. Even so, it is also believed that the distortion
might be corrected by tapering the slot widths. Study

of this phase of the problem has been deferred, however, in
order to proceed to the more important investigation of the
transonic behavior of this type of test sectiofi with models
of more reasonable size.

TESTS WITH LS.M-INCH-DI~ER MODEL

Apparatus and methods.-The second model used in this
investigation consisted of a 1.333-inch-&wneter prolate
spheroid, of iinenws ratio 6, fitted with an NACA 65-010
wing of 1.5-inch ohord and 6-inch span. (See tables III
and IV.) The orifice locations on the model are presented
in figure 9.

TABLE IV

ORDINATESOF NACA 6S-010 AIRFOIL

Station
@erca~t

StatIon
(Pm&y

ordl-

tg
)hm’d)
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Fmulm 7.—correot&i local pressole ratio as a funotion of Mach number at position of midpoint of 3.64nch-diameter prolate spheroid in oirotdar
open and closed tunnels compared with uncorrected local pnwure ratio on body in oiroular slotted tunnel.

An octagonal slotted test section was substituted for the
circuhw section used in the preliminary tests. Eight axial
slots comprisii one-eighth of the total periphery were lo-
cated at the corners between the flat sides. (See fig. 4.)
The length of the octagonal slotted @t section -wasone-half
the length of the circular slotted test section. The choice
of the octagonal section was made as a result of studies of
the application of this type of throat to large wind tunnels,
apecifkdly, the Langley 16-foot and S-foot high-speed tun-
nels. I’actcm affecting the choice of teat-section shape are
installation of optical apparatus, simplicity of construction,
and cost.

A calibration based on the measured tank pressure ahead
of the alotted region was used to give Mach number variw
tion both in the subsonic and in the supersonic region. The
stream Mach number, cali%raiwdin this manner, is used in
the octagonal transonic slotted tunnel tests. Because of
the existing supersonic Mach number gradients, all Mach
numbers above the apeed of sound are presented for the nose
position of the test model L&.

For comparison, data horn the Langley 8-foot high-speed
tunnel were utilized as the zero-interfmmce condition. The
8-footiumeter closed tunnel was limited to a subsonic
Mach number of 0.99 by choking at or near the model.
The interference effects on the model at all subsonic Mach

numbers were found to be negligible. (See ref. 7.) One
test point with zero Mach number gradiant was obtained
at Mach number 1.20. By moving the test model upstrmm
in the supersonic nozzle of the 8-foot tunnel, additional
teat points at lower supersonic Mach numbers could be ob-
tained with a positive Mach number gradient of about O.O3
from the nose to the tail of the body. As these test points
were the best available for this Mach number range, and
as the Mach number gradient was relatively small, the re-
sults in the 8-foot closed tunnel were treated as continuous
data for these comparisons. Unless otherwise indicated,
the Mach numbers speciiled for these data are those oxisb
ing at the nose position of the model.

Results and discussion.-The axial pressure distributions
along the center line and wall of the 12-ioch-effective-diam-
eter octagonal tmmsonic slotted test section are presented
in iigure 10. The fact that higher supersonic Mach numbers
were obtained in the octagonal slotted teat section than in
the circular teat section is believed to be due to the shorter
length of teat section, since with this shorter length less low-
energy air is required to pass into the diffumr. The Mach
number variation near Mach number 1.27 is opproxtiatcly
+0.05 and decreases as the stream Mach number is reduced.
At all subsonic Mach numbers, the Mach number in the
tsst region is satisfactorily uniform.
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lMuRD S.—Correoted prmsure distributions along top meridian of
3.6-inoh-dinmeter prolata spheroid for several Maoh numbem in
oiroular open and closed tunnels compared with uncorrected pressure
dtetributions along body in ciroular slotted turmeL (Note that scale
of p/His double that used in figs. 6 and 7.)

A point-by-point comparison of the local pressures over
the 1.333-iichdhmneter body in the 12-iich-dimneter tmn-
sonic slotted tunnel with those in the 8-foot-diameter closed
tunnel are presented as a function of Mach number in figure
11, The pressures over most of the body appear to agree
quite satisfactorily in the two tunnel configurations, even
in the Mach number range between 0.88 and 1.13, for which
this body cannot be teated, because of choking, in a closed
tunnel of the same size as that of the slotted tunnel. Above
a Mach number of 1.08 in the slotted tunnel, disagreement
exists over a forward portion of the body in the nature of a
pressure rise relative to the prwnrre variations obtained in
the 8-foot-diameter closed tunnel. This pressure rise does
not correlate with the nonuniformities in the tunnel-empty
Mach number distibutione. Neither do these nonuniform-
ities appear to affect substantially the pressure distributions

over the model. At xbfl=().90, the pressure differance9
between the data in the two tunnel configurations are larger
than at the forward stations and appear to indicate a differ-
ence in the rate of shock movement with Mach number.
Examination of reference 8 indicates that this effect maybe
due to the 25-percent greater Reynolds numbw and to the
higher turbulence level in the 12-inch-dimneter slotted tun-
nel as compared to the 8-foo&diameter closed tunnel. The
nature of the pressure difference is such as to indicate this
possibility. The Mach number gradient in the 8-foot tun-
nel for the 1OW-supersonic values tends also to show these
points at a Mach number 10TVWthan actually esists, thereby
exaggerating the aforementioned difference. The lowwr-
surface and radial-station pressure variations are also pr~
sented in figure 11.

Figure 12 pre9ents comparisons similar to those in figure 11
on the 1.333-inch-dimaeter prolate spheroid when the NACA
66-010 wing is aflixed symmetrically to the body. A pressure
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rise over the forward portion of the body above a Mach
number of 1.08 is again noted in the tmmsonicalotted tunnel.
Because of the lmge number of individual test runs necessary
to obtain the supemcmic test points in the S-foot-diameter
closed tunnel, the data presented for this configuration are
limited to two points in the gradient flow betwean a Mach
number of 1.0 and 1.2. The accuracy of the comparison in
thisMach number range is therefore sevarely limited. Again
the main disagreements between the data in the two tunnel
con&urationa occur at the rear of the body, but the differ-
ences are smaller than with the body alone, a circumstance
which supports the possibility that the di.flerencw may be
due in part to Reynolds number and turbulence effects.

The local pressures over the NACA 65-010 wing are com-
pared for the two tunnel conjurations in figures 13 and 14.
Figure 13 presents variations @h Mach number at several
stations along the chord. Figure 14 presents similar varia-
tions at spamviae positions. The main differences between

the data in the two tunnel configurations again occur at the
rearward chordwise stations. The disagreement is most se-
vare above the critical speed of the wing but below a Mach
number of unity. Again these effects may be duo in part
to Reynolds number and turbulence differences. The span-
wise comparisons (fig. 14) appear to agree satisfactorily even

at the tig-tip position, Y—=1.000.
b/2

The data are prwented as pressure distributions in figures
15 to 18. The distributions on the body alone are shown for
several Mach numbers in figure 15. The disagreement pre-
viously discussed may be noted in these distributions. The
relative pressure rise that occurs in the slotted tunnel over
the forward portion of the body is illustrated at Mach num-
ber 1.120. At xJ?=O.90 the pressure differences obtminedin
the two tunnel cordigurations are evident for supersonicMach
numbers from 1.020 to 1.078.
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Figure 16 presents comparisons similar to those of @e
15 over the body with wing aiihed symmetrically. Again
the pressure rise over the forward portion of the body is il-
lustrated at Mach number 1.120. For further comparison
a test point at a Mm.h number of 1.200 in the tmmsonic
slotted tunnel hns been added. The large negative Mach
number gradient existing over the rear portion of the body
for this test point (see fig. 10) increases the pressuresbeyond
the body station x#=O.30. The distributions presented axe
of necessity limited because of the small number of pressure
orifices in this small body.

I?igure 17 presents limited chordwise distributions on the
NACA 66-010 wing mounted on the body. The pressure
difhenccs indicated for the tmo tunnel configurations occur
mainly in the region on the airfoil where the local speed of
sound has been exceeded. A clearer comparison of these
diihrencca can be noted in the individual pressure compari-
sons in figure 13.

Figure 18 presents a comparison of the spanwise distribu-
tions along the wing. The important pressure d@rences be-
tween the two tunnel configurations occur near a Mach
number of 0.900. These differences may be more clearly
seen in figure 14.

FIcmnm 11.—Conoluded.

The flow phenomena, as viewed by the schlieren flow-
visualization method, ovez the 1.333-inch-dismeter prolate
spheriod, with NACA 65-010 wing silixed symmetrically,
are preaentid throughout the transonic range of the 12-inch-
effective-diwneter octagonal slotted tunnel in @we 19. The
schlieren system used necessitated separate exposures for the
front and rear of the test model. The &t Mach numbers
are therefore not obtained simultaneously for the front and
rear portions of the model. The position of the wing relative
to the body has been indicated by placing as accurately as
possible the wing silhouette on the schlierennegatives. These
schlieren observations were made early in the investigation in
order to substantiate further the measured pressures over
the body, and no particular attention was given to the photo-
graphic impressions. Consequently, the quality of the re-
sulting photographs is poor. It is believed, however, that
these photographs tend to portray the development of the
flow phenomena for the configuration indicated. The flow
about the body and wing is three dimensional and the inter-
pretation of the schlieren photographs is therefore diilicult;
however, certain aspects of the flow phenomena are interest-
ing as well as enlightening.
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The local supersonic region over the wing increases as the
stream Mach number is increased until the sboclm from the
wing extend beyond the body and are visible at M=O.86
(figs. 19(a) and 19(b)). lhcreases in Mach number con-
centiati and move tie ahnost hvodixnensional wing shock
rearward (figs. 19(c) and 19(d)) until at M=O.94 the shock
appemw to increase its nngle with r=pect to a normal to the
flow and to be nearly attached to the wing trailing edge.
(See figs. 19[e) and 19(f).) A superaotic region also exists
over tbe center of the body (fig. 16) and its three-dimensional
shock is included in the combined disturbances at tbe
trailing edge of the wing at hfach number approximately
0.97 (figs.~19(g) and 19(h)). A compression region exists
on the body slightly forward of the wing. The following
sudden expansion over tbe body b noted in the light region
above tbe wing in figures 19(g) and 19(h).

At Mach number 1.00 a local supersonic region exists
over the forward portion of the body, followed by an ex-
trsmely light three-dimensional shock (&g. 19(i)). With
further increase in hfac.h number the comprsion region

at the rear of tbe body (figs. 19@, 19(1), 19(n), 19(P), rmd
19(r)) expanck rearward and eventually what appeam to
be a normal shock moves off the tail. The origin of this
disturbance is at present unknown, nor is it known whether
the phenomenon is characteristic of the body, of the tunnel
configuration, or of the observational technique.

For Mach numbers near 1.0 the bow wave for the body
has not appeared in the schlieren field (figs. 19(i) and 19(k)).
At Mach number 1.01 (fig. 19(k)) a weak wing bow wave
appeaxa. Aa the Mach number is increased to 1.o4 (fig.
19(m)), the wing bow wave increases in intensity. At these
Mach numbers large movements of the bow waves occur
for small changes in stream Mach number, and at Mach
number 1.09 a sting bow wave has moved into the field
of view ahead of the body (6g. 19(o)). A strong wing bow
wave is also prwent in the schlieren field. The apparent
abnormal width of the bow wavea is due to three-dimensional
curv9ture. The wing bow wave also possesses tbree&rnen-
sional characteristics at the wing tips.

.
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F1amm 19.—Development of flow phenomena over 1.333-inch-diameter prolate spheroid with wing afEsed symmetrically for increasing Maoh
number in 12-inoh-effeotive-diameter octagonal transonlo slottod tunnel.
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FIQUEB19.

At 31= 1.1!2 the three-dimensional aspects of tbe bow
waves are apparent (6g. 19(q)). T%e intemection line
caused by the flat schlieren windows produces the slight
curvature at the rear of the wave.

M ill= 1.14 the only evidence of shock reflection occurs,
and this reflection appea to originate from a point on tie
three-dimensional bow wave itself, rather than from the
solid portion of the wall or from the slotted mixing region
(fig. 19(s)). The intersection of the body bow wave with
the schlieren windows is again noted bebind the bow wave.
The wing bow wave appeam to move forward, probably on
account of the negative Mach number gradient noted in
the distributions with the slotted tunnel empty @g. 10)
for this Mach number. The 10S.WSin total pressure through
the preceding waves may also exaggerate this effect.

At lvf=l.21 and 1.22, the bow-wave configuration ahead
of the model has been definitely established, followed by
its intersection lima on opposing schlieren windows (figs.
19(t) and 19(u)). The wing bow waves in figumw 19(t) and
19(u) are probably not reprwentative of the Mach number
indicated, since tbe pressure ratios (fig. 16) obtained in the
12-inch-diameter slotted tunnel near this Mach number
are in dimgreement rearward of the 0.30 body station with
those obtained in the 8-foo&diameter closed tunnel.

Figure 20 illustrm% typical horsepower ratios for the
12-inch-effectivedimneter transonic slotted tunnek and
for tbe l>inch-diameter open tunnel. Tbe lz-inch-diameter
closed tunnel operating supemonically with straight wall
divergence is used as a base whereby an indication of relative
horsepower in the open and slotted configuration is obtained.

Concluded.

Actually, this basis for comparison tends to give power
estimates too high for the slotted tunnel in the transonic
range because, for the closed tunnel as operated for this
comparison, the effective test section was shorter than
would normally be employed.

The experiments up to the present time have been coniined
to the problem of operation of such a throat through the
lMach number 1.0 range, and no particular effort has been
made to obtain optimum power performance.
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FIGURE 20.—T~icrd horsepower ratios as Q funoijion of Maoh number

for slotted and open tunnel cotigumtions.
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GENERAL DISCUSSION

AS may be. seen from iigure 8, the principal prediction of

the subsonic theory, in regard to minimization of the inter-

ference due to constriction of the tunnel walls by means of

the circular 10-slot tunmil with one-eighth of the total

periphe~ open, has been realized “with the large 3.5-inch-

diameter body. The Mach number to which the slotted
tunnel can be satisfactorily operated is much grater than
the choking Mach number in the closed tunnel. As seen in
figure 7, the preaauresat the center of the body appeax to be
appro.xinmtoly correct up to the highest Mach number
obtained. With regard to the compleh distribution over
this large body, however, the slotted tunnel appears less
satisfactory. As seen in figure 8, a distortion of the pressure
diagram occurs, by which the pressures over the forward
portion of the body are increased and those over the rear of
the body are decreased. This distortion cannot be due to a
prewure gradient in the empty tunnel because the pressure
was esaentirdlyuniform over the test section. The subsonic
theory based on potential flow about a symmetrical body
cannot indicate any such asymmetrical distortion. The
distortion indicated can be a result of too much outfiow
through the forward portion of the slots and maybe due to
interaction between the large body and the slots in the
presence of the tunnel boundary layer. Wkh a smauer
model, therefore, the distortion should be reduced; and with
the 1.333-inchdiameta body, which was less than half
tho size of the model used in the preliminary tests, this dis-
tortion in the subsonic range was not apparent. (See fig.
15.) With regard to angular variations, preswre.s measured
at various angular stations around the center of the large
body showed no detectable variations due to the slots.

With Mach numbers less than uni~, the Mach number
distribution in the test section of the transonic slotted wind
tunnel is quite satisfactorily uniform, = maybe seen for the
wall and cater-line positions from figures 5 and 10. With
a Mach number greater than unity, the distribution becomes
progremively leas satisfactory as the Mach number is in-
creased. Up to a Mach number of 1.1, however, the varia-
tions are not greater than might be expected in a closed
tunrd, a conclusion that has been substantiated by scblieren
observations, which show no sharp disturbances in the
flow. The slotted tunnel presents the great advantage that
&hesupersonic Mach number may be changed simply by
vmying the power input to the tunnel.

As seen in figures 11 to 18, models may be tested in the
transonic slotted tunnel throughout the range of Mach
numbem about 1.0. The test limitation due to choking has
been eliminated, a fact that has been contirmed by schlieren
photographs (fig. 19), which show progressive changes about
tho w-hole model throughout the transonic range. Over
most of the model surface the correctness of the pressures,
as indicated by comparison with results from the 8-foot
tunnel, is fairly satisfactory. The relative pressure increase
ovor the forward portion of the body at Mach numbers above
1.08 is believed to be due to some type of tunnel-wall inter-
ference. The disagreement with the 8-foot-tunuel results
at the tail of the model maybe due to the difference in Mach

number gradients in this region, since for all supersonic
Mach numbers I- than 1.2 in the &-foot tunnel, the model
ma tested in a positive Mach number gradient of about
0.03 over the length of the model, whereas, in the slotted
tunnel, a negative gradient sometimes existed. If the flow-
over the rear of the model were critical, large diilerences in
pressure might therefore exist. Siiar ~S13311CfX might
occur because of the Reynolds number and turbulence
differences in the two tunnels. On the other hand, the
operation of the slotted tunnel may be such as to exert an
interference effect over the rear of the model.

The geometric design of the original circular slotted tunnel
was intended to represent the boundary conditions assumed
in the theory. The geometric minimum omurred two inc.hm

ahead of the upstream end of the slots, and the divergence
downstream through the test section waa only sticient to
compensate for the boundary layer that would be developed
in a closed tunnel. The entrance lip at the upstream ends
of the slots was made sharp so as to insure clean separation
of the flow at this point. (See fig. 4(a).) The edges of the
slots were rounded and the material behind the solid portions
was cut away from behind the slots to insure constant
potential at t+e slot positions (fig. 4(b)). These lasttwo
refinements were not adhered to in designing the octagonal

slotted tunmd (fig. 4(c)). Otherwise the characteristics of

the slotted tunnels are given in table ~. The test section

was made long, both because a large body for which the inter-

ference would be appreciable was to be tested and because
the theory assumed an infinitely long cylindrical test section.
The size of the tank was governed by consideration of space
available and by probable interference effects. Down-
stream of the slotted test section, a slotted diflueer portion
faired into the efluser bell at its juncture with the solid
diffuser. At this point the cross-sectional area was about
20 percent greater than the upstream minimum area.
The area ratio between downstream and upstrewn closed
sections may be somewhat too large but experience has indi-
cated that the highest supemonic Mach number obtained
depends on this ratio. With subsonic operation, too small
an area ratio results in tunnel choking at the downstream
effective minimum before a Mach number of unity has been
obtained in the test section.

The power required (see fig. 20) would be less with a
shortm slotted test section. With somewhat wider slots”
than those used in the tests reported herein, essentially open
tunnel operation could be obtained, at least for subsonic
Mach numbers, with a considerable reduction of power as
compared with that required for the completely open tunneI
of the same length. The power also depends upon the ratio
of the area at the beginning of the closed diffuser to that of
the upstream minimum. It appems desirable to shorten the
slotted test section in order to reduce the power. Such a
modification may have practical limits with supersonic
operation, because a certain test section length is required
for the flow to settle out into a fairly uniform Mach number
distribution. (See fig. 10.)

This investigation has demonstrated the possibility of
reducing the solid-blockage interference and eliminating the
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choking limitations of Wnventional wind tunnels. It there-
fore appears possible not only to test modek larger than
those usually employed in a wind tunnel of given size but
also to cover a near-unity test Mach number range not here-
tofore practicable in wind tunnels. Further advantages in-
clude power consumption considmably less than that re-
quired for the open tunnel, and the possibility of controlling
the Mach number at supersonic as wall as subscmic speeds
merely by varying the power. The practical realization of
these advantages depends on the future development of the
slotted wind tunnel.

CONCLUSIONS

On the basis of the data herein reported, the following
conclusions are believed justified:

1. The interference due to solid blockage in a wind tunnel
operating at subsonic speeds can be minimized by means of
a slotted test section.

2. The closed-tunnel choking limitation can be eliminated
by means of the slotted test section.

3. A slotted wind tunnel can be operated at low supersonic
speeds merely by. increasing the power, and the supersonic
Mach number can be varied continuously by varying the
power.

4. Test regions with satisfactorily uniform Mach number
distribution can be obtained in the slotted test section at all
subsonic speeds and at supersonic Mach numbers up to at
least 1.1.

5. Pressure-distribution data obtained from tests of a
nonlifting body in a slotted test section with the ratio of
cross-sectional area of the body to cross-sectional area of the
tunnel of 0.0123 show good agreemant, up to Mach numbers
somewhat exceeding the critical, with data for the same body
obtained from teds in a closed tunnel for which the corre-
sponding area ratio is 0.00019. For high Mach numbers
includiw passage through Mach number 1.0, divergences of

the two sets of data appear to occur, but reasonably good

agreement is obtained over most of the model surface.

6. The tmmsonic operation of tti type of teat section

requires further experimentation and analysis before designs

can be undertaken with certainty of complete adequacy.

Particularly are data required for models of large lift, The

power performance and the fundamental factors affecting

power performance also require further study.

LANGLEY AERONAUTICAL LABORATORY,

?SfATIONALADm30RY Cohpmmm FOR k3R0NAmIos,

LANGLEY I?IELD,VA., June 20, 1966.
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